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Abstract 9 
Purpose: To compare subjective blur limits for cylinder and defocus.  10 
Method: Blur was induced with a deformable, adaptive-optics mirror when either the 11 
subjects’ own astigmatisms were corrected or when both astigmatisms and higher-order 12 
aberrations were corrected. Subjects were cyclopleged and had 5 mm artificial pupils. Black 13 
letter targets (0.1, 0.35 and 0.6 logMAR) were presented on white backgrounds.  14 
Results: For ten subjects, blur limits were approximately 50% greater for cylinder than for 15 
defocus (in diopters). While there were considerable effects of axis for individuals, overall 16 
this was not strong, with the 0 (or 180) axis having about 20% greater limits than oblique 17 
axes. In a second experiment with text (equivalent in angle to N10 print at 40 cm distance), 18 
cylinder blur limits for 6 subjects were approximately 30% greater than those for defocus; 19 
this percentage was slightly smaller than for the three letters. Blur limits of the text were 20 
intermediate between those of 0.35 logMAR and 0.6 logMAR letters. Extensive blur limit 21 
measurements for one subject with single letters did not show expected interactions between 22 
target detail orientation and cylinder axis.  23 
2  
 
Conclusion: Subjective blur limits for cylinder are 30%-50% greater than those for defocus, 24 
with the overall influence of cylinder axis being 20%.  25 
Keywords: aberration; adaptive optics; astigmatism; blur limits; cylinder; defocus 26 
 27 
Introduction 28 
 29 
We have conducted previous studies into subjective blur limits 1-4. A 2005 study2 was 30 
concerned with the noticeable, troublesome and objectionable blur limits for defocus. This 31 
was investigated in 15 subjects at pupil sizes 3 mm to 6 mm and for black-on-white letters of 32 
sizes 0.0 to 0.7 logMAR (6/6 to 6/38). Mean “just noticeable” blur limits for 0.0 logMAR 33 
letters were ±0.33 D, ±0.30 D and ±0.28 D at 3 mm, 4 mm and 6 mm pupils, respectively. 34 
Magnitudes of “just troublesome” and “just objectionable” limits were 1.6 to 1.8 times and 35 
2.1 to 2.5 times greater than “just noticeable” limits, respectively. Blur limits increased by 1.6 36 
to 2.1 times as letter size increased from 0.0 to 0.7 logMAR, and limits reduced by about 37 
17% as pupil size increased from 3mm to 6mm.  38 
The Atchison et al. 4 study explored similar ground, but defocus was induced by a 39 
deformable mirror as part of an adaptive optics system . Blur limits were determined when 40 
second-order astigmatism only was corrected in white light, when all monochromatic 41 
aberrations other than defocus were corrected in white light, and when all monochromatic 42 
aberrations other than defocus were corrected in monochromatic light. For the first condition, 43 
results were consistent with the first study: with a 0.1 logMAR letter size and no correction of 44 
higher-order aberrations, mean “noticeable” blur limits were ±0.30 D, ±0.24 D and ±0.23 D 45 
at 3mm, 4mm and 6mm pupils, respectively. White light-aberration correction and 46 
monochromatic light-aberration correction conditions reduced blur limits by 8% and 20%, 47 
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respectively. Increasing pupil size from 3 mm to 6 mm decreased blur limits by 29%, and 48 
increasing letter size from 0.1 logMAR to 0.6 logMAR increased blur limits by 79%. Ratios 49 
of troublesome to noticeable and of objectionable to noticeable blur limits were 1.9 and 2.7, 50 
respectively. This study showed that the deformable mirror can be used to vary defocus in 51 
vision experiments.  52 
The most recent of our studies3 determined blur limits for defocus, crossed-cylinder 53 
astigmatism and trefoil in white light and 5 mm pupils. Mean defocus blur limits of 6 subjects 54 
with uncorrected higher-order ocular aberrations ranged from 0.18±0.08 D (noticeable blur 55 
criterion, 0.1 logMAR) to 1.01±0.27 D (objectionable blur criterion, 0.6 logMAR). Crossed-56 
cylinder astigmatic blur limits were approximately 90% of those for defocus blur limits. 57 
There was considerable meridional influence, with 0 (or 180) and 157.5 meridians having 58 
30-35% bigger limits that for the 90 meridian. Trefoil limits will be discussed in another 59 
paper. 60 
     Applying cylinder alone might provide even more directional effects that crossed-cylinder 61 
astigmatism (Figure 1). For crossed-cylinder astigmatism, there is blur in two perpendicular 62 
meridians so that 0.25 D, 180 crossed-cylinder astigmatism provides +0.25 D horizontal 63 
blur, affecting clarity of the vertical bar of a letter “E”, and –0.25 D vertical blur affecting 64 
clarity of the E’s horizontal bars. Its effects would be similar in this case to 0.25 D defocus in 65 
that there is no real directionality, apart from interactions with the higher-order aberrations of 66 
an eye. Cylindrical blur might have more directional effects as either the horizontal or 67 
vertical detail might be blurred eg +0.25 D x 180 would blur the horizontal bars of the E but 68 
not its vertical bar. 69 
     Based on the concept of blur strength given by Raasch 5 70 
√(M2 + J1802 + J452) or √(S2+ SC + C2/2) 71 
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where M, J180, J45, S and C are the defocus (mean spherical equivalent), 0-90 astigmatism, 72 
45-135 astigmatism, spherical error and cylindrical error, respectively, we predict that 73 
overall cylindrical error should have 1/2 the influence that spherical error has on blur limits.  74 
     The purpose of this study is to investigate blur limits for cylinder and compare these with 75 
limits for defocus. As indicated above, we expect to find that blur limits for cylinder are more 76 
influenced by axis of cylinder than are the blur limits for crossed-cylinder astigmatism. The 77 
study required considerable modifications to our apparatus in order to manipulate non-78 
Zernike type aberrations. 79 
 80 
Methodology 81 
 82 
Subjects 83 
 84 
     This study followed the tenets of the declaration of Helsinki and received ethical clearance 85 
from Queensland University of Technology’s Human Research Ethics Committee. 86 
     There were 14 subjects in good ocular and general health. Age range was 18 to 55 years. 87 
Only right eyes were used. Subjects had ≤ 0.50 D cylinder by subjective refraction and 88 
corrected visual acuities of at least 6/6. There were three experiments: main experiment 1 - 89 
defocus and cylinder with three Optotype letters, divided into a higher-order aberration 90 
condition (no correction of higher-order aberrations) and a no higher-order aberration 91 
condition (correction of higher-order aberrations); experiment 2 - defocus and cylinder with 92 
text; experiment 3 - defocus and cylinder with single letters. Ten subjects performed all of 93 
experiment 1, with a further 4 subjects doing only the higher-order condition (one was not 94 
available for the other condition, for two subjects the higher-order aberrations could not be 95 
corrected at high cylinder levels, and one subject had obscuring eye lashes that interfered 96 
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with the adaptive optics control). Six of the subjects performed experiment 2 and 1 subject 97 
performed all experiments. 98 
 99 
Optics system 100 
 101 
     The optical system has been described in detail elsewhere3 and is shown in Figure 2. The 102 
present system included modifications (see next paragraph). The system contained relay 103 
lenses to give three conjugated planes at the eye pupil, at the deformable mirror (Imagine 104 
Eyes Mirao52) and at the Hartmann-Shack sensor (Imagine Eyes HASO 32). A Badal 105 
optometer including four 90 degree reflective relay mirrors was used to compensate defocus 106 
error of the eye without affecting this conjugation. The eye’s wavefront aberrations were 107 
measured with a super luminescent diode (830 nm, 25 nm full width to half maximum). The 108 
collimated He-Ne laser was used for alignment. An ligh emitting diode (LED ring in front of 109 
the eye illuminated the pupil and formed pupil images on the pupil camera to help alignment 110 
of a subject’s line of sight with the system optical axis (aided by the Hartmann-Shack sensor 111 
spot array image position relative to its expected position). The deformable mirror was used 112 
to correct an eye’s aberrations (astigmatism only or all aberrations apart from defocus) and 113 
induce other aberrations. Aberrations were described by coefficients of Zernike polynomials, 114 
with 63 Zernike polynomials included to reconstruct the wavefront. A visual stimulus display 115 
was provided by an organic LED display, a lens, a mirror and an aperture conjugate with the 116 
eye pupil.  117 
     A collimated infrared laser diode (808 nm) was added to allow closed loop operation. Its 118 
beam passed through the measuring system, bypassing the subject’s eye and hence not being 119 
visible to it, and was used to control the system aberrations (eye’s static aberration correction 120 
and induced dynamic aberration generation). 14 ms exposure time was used for each 121 
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aberration measurement (above 70% of Hartmann-Shack sensor full camera saturation). This 122 
sub-system was necessary as the super luminescent diode for measuring the eye’s aberrations 123 
was visible to the subject and might have influenced blur limit judgments. The closed loop 124 
feedback provided a means of compensating for the mirror’s hysteresis, non linearity and 125 
coupling of different orders of Zernike aberrations. The technique does assume that the ocular 126 
aberrations do not change during procedures and that head/eye movements are small.  127 
     The manufacturer supplies software packages to measure aberrations (HASO 3.0) and 128 
correct or induce them (CASAO 1.0). A customized deformable mirror control software was 129 
developed based on the ImagineOptic Software Development Kit (SDK 1.0) with the 130 
development tool of Visual Studio C++, 2008 (Microsoft).  131 
 132 
Procedures 133 
 134 
     Two main correction conditions were investigated. The first involved correcting only the 135 
eye’s second-order Zernike astigmatisms (HO condition) and the second involved correcting 136 
all aberrations apart from the aberration of interest (no HO condition).  137 
     The deformable mirror was “flattened” in terms of correcting the optical system’s small 138 
aberrations. This provided a system root-mean-squared aberration of < 0.04 µm for a 5.7 mm 139 
pupil as measured by the 543 nm HeNe laser. With the eye in place and using the 140 
superluminescent diode, the Badal optometer was adjusted to set the defocus close to zero. 141 
For the HO condition, Zernike second-order astigmatism coefficients were adjusted manually 142 
using the CASAO open loop control mode, while the HASO software was in continuous 143 
mode, until the astigmatic coefficients were each within the range ±0.03 m for a 5 mm 144 
pupil. For the no HO condition, all the eye’s aberrations were corrected in CASAO dynamic 145 
loop mode.  146 
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     Voltages that were sent to the deformable mirror while flattening the mirror and correcting 147 
aberrations were saved as a series of command files and then sequentially readout by the 148 
customized control software to impose the same voltages on the deformable mirror when an 149 
aberration was induced. The Badal optometer was adjusted by the subject to subjectively 150 
correct defocus, using three 0.1 logMAR letters as a target (the average of 6 settings was 151 
used).  152 
     The customized software was started. It loaded the saved voltage files and measured the 153 
system’s aberrations. The operation was swapped from the super luminescent diode to the 154 
laser diode. Thirty frames were measured, averaged and saved. Additional wavefront 155 
aberrations were superimposed on this “original” set.  156 
     The subject was given a control box with a rotating knob and a button. The knob rotated in 157 
15 steps. The subject rotated the knob in either the clockwise or anticlockwise directions to 158 
identify different blur criterion limits (just noticeable blur, just troublesome blur and just 159 
objectionable blur), and pressed the button for each limit. It was permissible to rotate the 160 
knob backwards and forwards to help determine limits. The customized software detected 161 
rotation of knob and altered the deformable mirror shape accordingly. A particularly 162 
requested wavefront (described by one or several Zernike coefficients) was superimposed 163 
upon the original wavefront to form the target wavefront. The software drove the deformable 164 
mirror to target this wavefront. At each button press, the knob rotation was disabled, and the 165 
averaged 63 Zernike coefficients from 6 consecutive recordings were saved. After the 166 
objectionable blur limit was registered, the deformable mirror went back to its original shape 167 
and blur limits were determined in the opposite rotational direction. After a set of 6 168 
measurements was made to complete a trial, the mirror went back to its original shape to 169 
prepare for another run. After 15 trials, wavefront aberrations were recorded again for 170 
another 30 frames at the original deformable mirror shape position to check for any variation 171 
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from the beginning of a run. The variances of the differences between these two sets of 172 
measurements were always less than 10-6 m2.  173 
     Seven loops with 0.38 loop gain were applied to respond to a knob turn in order to 174 
approach a particular wavefront shape (these parameters were determined by experience 175 
taking into account software and hardware running speed, subject control and response speed, 176 
and wavefront generation accuracy). This took 270 ms, the main component of which was 177 
camera exposure and image grabbing which had a minimum time of 33 ms (30 Hz) for each 178 
frame, with other program operations such as slope target preparations and dangerous 179 
voltages checking. In order to save response time of approximately 120 ms, wavefront 180 
reconstruction and Zernike modal coefficients computation were done only after button 181 
pressing and not during closed loop operation.  182 
     The customized software included a voice function to remind subjects of the direction to 183 
turn the knob and which blur limit was being determined.  184 
     Visual displays were presented on a black-and-white OLED display (eMargin, 800×600, 185 
15×15 microns pixel size) using software programmed with Delphi (Version 6.0, Borland) on 186 
a separate computer. Three Optotype letters, randomly selected from 10 letters (D, E, F, H, N, 187 
P, R, U, V, Z), were displayed with highest contrast black font on white background (~100 188 
cd/m2). The target detail size was 0.1, 0.35 and 0.6 logMAR and 5 repetitions were made for 189 
each of these. The computer was controlled by the main computer through a simplified 190 
RS232 serial port communication protocol (three connections were used: receive, transmit 191 
and ground). The commands determined the trial number and size of letters to be shown on 192 
the OLED. After showing the requested letters, the slave computer sent back trial number, 193 
letter size and letters displayed to the master computer. 194 
     For Experiment 2, runs were done with the letters replaced by 3 lines of the word 195 
“cylinder” in Arial print (a full capital letter height subtended 21 arc minute at the eye, which 196 
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is the angle N10 print subtends at 40 cm distance) with 7 repetitions. For Experiment 3, runs 197 
were done with the three letters replaced by single letters (D, E, N, or Z), with 5 repetitions at 198 
each letter size. 199 
     Experimental data, including letter size and letter combination, knob rotation direction and 200 
aberration data were saved to file.  201 
 202 
Other details 203 
 204 
     Subjects were cyclopleged with a drop of 1% cyclopentolate at least 20 minutes before 205 
commencement of the experiment, with an additional drop applied every 90 minutes. Pupils 206 
were dilated to at least 6 mm. We checked with a hand optometer that subjects had minimal 207 
residual accommodation before proceeding with measurements. 208 
     As previously described 2-4, subjects were given an explanation of the nature of the task to 209 
be performed regarding the different blur criteria: 210 
 “In this experiment we want you to turn the knob to find the following three levels of blur… 211 
First Noticeable/Just Noticeable blur: This is the knob position where you first notice a 212 
change in the crispness and sharpness of the letters, but the letters should still be clear 213 
enough to read.  214 
Just troublesome blur: This is the knob position at which you first start to be troubled by the 215 
lack of clarity of the target. You should still be able to read the letters. 216 
Just objectionable blur: This is the level of blur at which you would refuse to tolerate on a 217 
full time basis. The blur has just reached a point at which it is unacceptable; you may or may 218 
not be able to read the letters.” 219 
The aberrations 220 
 221 
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     There were three pupil sizes involved in this study. The deformable mirror’s interaction 222 
matrix measurement pupil (P1) was the largest as it was responsible for collection of 223 
deformable mirror slope generation ability. In this study it was about 6.8 mm diameter. The 224 
second pupil (P2) was the correction pupil within which wavefront aberrations of the eye 225 
were corrected to target a pre-designated wavefront (e.g. an ideal plane wavefront or a 226 
cylindrical wavefront). The imposed extra aberrations which formed the target wavefront to 227 
the eye were also generated in this pupil. This pupil was 5.7 mm diameter. The smallest pupil 228 
(P3) was the aberration measurement pupil and it was the same as the pupil used for visual 229 
display (5 mm). This was smaller than P2 in order to have smoothly varying aberrations at its 230 
edge. This is the important pupil as far as determining effects of aberrations on visual 231 
function such as blur limits.  232 
 233 
Defocus 234 
 235 
     The form of defocus as a wave aberration is 236 
  237 
This can be converted into a longitudinal aberration as a mean sphere (or spherical 238 
equivalent) 239 
  240 
where R is the pupil semi-diameter. 241 
 242 
Cylinder 243 
 244 
     The equations below show how the cylindrical wavefront error is assembled by use of the 245 
zero order Zernike aberration  and the second-order Zernike aberrations . 246 
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The zero order term has been included although it does not affect the optical power of a 247 
cylinder. The cylinder of power C can be described by a wavefront aberration coefficient 248 
amplitude (or coefficient) , where 249 
 250 
The wavefront error across the pupil is described by  251 
  252 
where the cylinder aberration “polynomial” is given by 253 
 254 
 are the coefficients of Zernike aberration polynomials     255 
, respectively. The angle  is the cylinder axis and we follow the 256 
Ophthalmic standard for wave aberrations 6. Furthermore 257 
 258 
 259 
 260 
 261 
, 262 
with 263 
 264 
and a sign function 265 
  266 
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, we have  267 
 268 
with 269 
 270 
, we have 271 
    272 
with  273 
 274 
     During an experimental session,  was set to 0, 45, 90 or 135 (0, 275 
 and Acyl  was adjusted in negative (clockwise rotation) and positive 276 
(anticlockwise) directions to produce appropriate second-order Zernike co-efficients to 277 
modify mirror shape. Figure 3 shows the example of coefficient  = -1 m and 120 axis 278 
that gives the cylinder -1.57 DC x 120. 279 
     It is important to know how accurately the aberrations can be generated. There are two 280 
kinds of generation errors. The first is wavefront noise, which can be quantified by the signal-281 
to-noise ratio (SNR). We defined the signal as the mean-squared of the involved Zernike 282 
coefficients and the noise as the mean-squared of the coefficients of unwanted aberrations. 283 
We took the log of the ratio and multiplied by 10 to express the SNR in decibels (dB). For 284 
example 285 
 286 
gives the SNR of a cylinder wavefront with axis 45 degrees, and 287 
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 288 
is the SNR of a defocus wavefront. In these equations  is a coefficient in a single index 289 
scheme. The SNR was greater than 25 for all combinations of cylinder magnitude and axis..  290 
     The second kind of generating error is the relative accuracy of the coefficients that should 291 
contribute to a wavefront; this is relevant when more than one Zernike coefficient is needed 292 
to produce a wavefront. For example, to generate a cylinder with axis 45 the required 293 
coefficients  and are related by . We can measure the error by the root-294 
mean-squared differences between generated and required  for a given : 295 
 296 
Figure 4 gives a typical example where the values are in diopters. The root-mean-squared 297 
difference is 0.0072 D (N = 90) with a mean of +0.0023 D and a range of -0.011 D to +0.019 298 
D. This result indicates that the deformable mirror gives accurate wavefronts. 299 
     The step size for both defocus and cylinder was 0.05 m,         300 
 301 
Analysis 302 
 303 
     Repeated measures analyses of variance were conducted on blur limits with subjects as 304 
repeated measures, and, as appropriate, with higher-order aberration condition, axis, blur 305 
criterion, blur direction, and letter size as within-subject factors. Greenhouse-Geisser 306 
correction was used for F-tests where Mauchly’s test of sphericity was significant for the 307 
within-subjects factors.  308 
 309 
14  
 
Results 310 
 311 
Experiment 1 - Defocus and cylinder with and without higher-order aberrations for three 312 
Optotype letters 313 
 314 
     Figure 5 shows the group mean blur limits of ten subjects at each letter size for defocus 315 
(solid symbols) and cylinder (open symbols) as a function of cylinder axis. The left and right 316 
columns show results with (HO) and without (no HO) higher-order aberrations, respectively.  317 
     Across both aberration conditions, mean blur limits and their 95% confidence limits for 318 
defocus for the group ranged from ±0.17±0.12 D (just noticeable, 0.1 logMAR) to 319 
±1.10±0.27 D (objectionable, 0.6 logMAR). Mean blur limits and their 95% confidence 320 
limits for cylinder ranged from ±0.28±0.12 D (just noticeable, 0.1 logMAR) to ±1.59±0.44 D 321 
(objectionable, 0.6 logMAR). Across both aberration conditions and  the range of axes, the 322 
ratio of cylinder blur limits to defocus blur limits for the group varied between 1.33 and 1.78 323 
for various combinations of blur limits, directions and letter sizes, with a mean and its 95% 324 
confidence limits of 1.52±0.08 (across all parameters the ratio is slightly lower at 1.46). 325 
Disregarding axis variation, this indicates that cylinder has approximately two-thirds the 326 
subjective blurring effect for defocus of the same magnitude, as compared with 71% 327 
predicted by geometric theory.  328 
     Axis had a significant effect on the subject group blur limits (F1.6,14.6 = 5.31, p = 0.023). 329 
The largest mean limit was for 0° and this was significantly greater than for 45° and 135° 330 
(1.18 and 1.22 times, respectively). When the higher-order aberration condition was 331 
considered alone, the result was significant (F3,27 = 4.27, p = 0.01), but when the adaptive 332 
optics condition was considered alone, the result just failed to be significant (F3,27 = 2.63, p = 333 
0.07). There was no significant interaction between adaptive optics condition and axis 334 
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(F1.5,13.7 = 0.054, p = 0.91). These results suggest that the influence of axis on blur limits was 335 
largely neural rather than optical. There was no significant interaction between axis and blur 336 
criterion, or between axis and letter size. 337 
     For defocus, the mean ratios of troublesome to noticeable blur limits and of objectionable 338 
to noticeable blur limits across the 3 letter sizes were 1.8-1.9 and 2.4-2.8 times, respectively, 339 
with a significant interaction between blur criterion and letter size (F2.1,19.1= 51.3, p < 0.001). 340 
For cylinder, there was also a significant interaction between blur criterion and letter size 341 
(F1.3,11.4= 31.9, p < 0.001), although the mean ratios of troublesome to noticeable blur and of 342 
objectionable to noticeable blur were1.8 and 2.6, respectively, for all letter sizes. Thus, the 343 
influence of criterion was similar for defocus and cylinder. 344 
     For defocus, across both adaptive optics conditions, all criteria and both directions, 345 
increasing letter size from 0.1 logMAR to 0.6 logMAR, a 3.2 times change, increased blur 346 
limits by 2.4 times. For cylinder, across both adaptive optics conditions, all axes and blur 347 
criteria, increasing letter size from 0.1 logMAR to 0.6 logMAR increased blur limits by 2.2 348 
times. Thus, the influence of letter size on blur limits was similar for defocus and cylinder. 349 
     Direction of blur had no significant effect on blur limits for defocus (F1,9 = 0.37, p = 0.60) 350 
nor for cylinder (F1,9= 0.05, p = 0.84). Interestingly, there was a significant interaction 351 
between direction and axis (F1.4,12.6 = 5.30, p = 0.03). 352 
     Higher-order aberration condition did not have significant effect on blur limits for defocus 353 
(F1,9= 0.61, p = 0.46) nor for cylinder (F1,9= 1.4, p = 0.27).  354 
     There was a considerable range of sensitivities between subjects. For defocus, ratios of 355 
blur limits of the subjects (blur limits of subjects divided by limits for the most sensitive 356 
subject, averaged across all parameters) were up to 4.2 and 3.5 times for defocus and 357 
cylinder, respectively. In general, subjects showed proportionate effects with variation in blur 358 
criterion and letter size.  359 
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     Four of the subjects did the experiment without correction of higher-order aberrations. 360 
When the 14 subjects are considered only for this condition, little changed from what has 361 
been reported above except that the axis just failed to have a significant effect on the group 362 
blur limits for cylinder (F1.4,18.2  = 3.2, p = 0.08).  363 
 364 
Experiment 2 - Defocus and cylinder for text 365 
 366 
     This experiment was completed for 6 of the subjects. Figure 6 shows results for the 367 
condition in which higher order aberration was not corrected. Cylinder had larger blur limits 368 
than defocus with mean ratios varying from 1.24 for the just noticeable criterion to 1.33 for 369 
the just objectionable criterion. The overall mean ratio of 1.30 was considerably less than the 370 
1.41 for these subjects with letters (from Experiment 1). The ratios of blur limits of 2.2 (just 371 
troublesome/just noticeable/) and 3.2 (just objectionable/just noticeable) across defocus and 372 
cylinder were similar to those for letters for these subjects (respective ratios 2.1 and 3.0). The 373 
blur limits of the text were intermediate between those the 0.35 logMAR and 0.6 logMAR 374 
letters and were closer to the former (shown in Figure 6). 375 
     There was no significant effect of higher-order aberration condition. There appears to be 376 
an effect of axis with the 0 axis having greater limits than the other axes eg 1.19 times the 377 
limit of the 45 axis, but the influence of axis was not significant (F1.5,7.3 = 3.29, p = 0.10). 378 
The variation between subjects was much smaller than for the whole group in Experiment 1 379 
at 1.7 times (text) and 2.2 times (letters). 380 
 381 
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Experiment 3 - Defocus and cylinder for three Optotype letters and single Optotype letters for 382 
a single subject 383 
     It was expected that the cylinder axis influences legibility and subjective blur limits of 384 
letters. This may be masked when a range of letters is used, so in this experiment single 385 
letters were used with one subject. Letters chosen were D, E, N and Z. We considered that 386 
blur limits for D might be affected least by axis of the four letters. Further we considered that 387 
blur limits for E would be reduced by 0 (or 180) and 90 axes, blur limits for N would be 388 
reduced by 45 and 90 axes, and blur limits for Z would be reduced by 0 and 135 axes. 389 
     The conditions were similar to Experiment 1, except that each experimental run contained 390 
5 times as many presentations. Because of the arduous nature of the experiment, it was 391 
conducted with one subject only.  392 
     The subject’s results are presented in Figure 7, with the top line having results for three 393 
letters, and the next three rows having results for single D, E, and Z letters. Only results for 394 
the ‘just troublesome” criterion are shown. The error bars represent standard deviations rather 395 
than 95% confidence limits. 396 
     As there was only one subject, the analysis was mainly qualitative. 397 
     The results for this subject were affected by higher-order aberrations, with the ratio of blur 398 
limits without and with higher-order aberrations for the three letters being 0.92±0.23 times 399 
for defocus and 0.85±0.28 times for cylinder across all blur criteria, direction and letter sizes. 400 
This means that the subject became more sensitive to the effects of defocus and cylinder 401 
when higher-order aberrations were removed. At the combination of defocus/just 402 
noticeable/positive direction/0.1 logMAR, his mean defocus limit with higher-order 403 
aberrations was almost zero, and this result was ignored in determining the mean ratios. This 404 
result was not significant for defocus (18 comparisons), but was for cylinder (p < 0.01). For 405 
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three letters and for the single letters, the variations with blur direction and axis were less 406 
marked without than with higher-order aberrations. 407 
     The single letters demonstrated, overall, larger blur limits than the three letters. For 408 
defocus and with higher-order aberrations, the mean ratios of single letter to three letters blur 409 
limits varied between 1.6 and 1.9 for the different single letters. Without higher-order 410 
aberrations, these mean ratios reduced to a range of 1.1 to 1.4. For cylindrical blur these mean 411 
ratios, both with and without higher-order aberrations, ranged from 1.2 to 1.4.  412 
     For the single letters, higher-order aberration correction reduced the influence of blur 413 
direction and axis on cylindrical blur limits. For the letters D (Figure 7, second row) and N 414 
(not shown), there was no apparent trend in sensitivity with axis. For the letter E, overall the 415 
45 axis was the most sensitive cylinder axis (ie that corresponding to the smallest blur 416 
limits)(third row). For the letter Z, the 45 axis was the most sensitive cylinder axis with 417 
higher-order aberrations (contrary to expectation), but this differentiation was lost with 418 
correction of higher-order aberrations (last row). For this letter, the 90 axis was the least 419 
sensitive axis for most combinations of conditions. 420 
 421 
Discussion and conclusions 422 
 423 
Summary 424 
 425 
     We have determined cylinder blur limits, with and without higher-order aberrations for 5.0 426 
mm pupils. Defocus was used as a basis for comparison for all these aberrations.  427 
     The most important source of variation in the study was the inter-subject variability. 428 
Limits for defocus with three letter targets were similar to those found in our previous 429 
studies3,4. Mean blur limits for cylinder with three letters were approximately 50% greater 430 
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than those for defocus when the limits were specified in diopters. Cylinder blur limits 431 
depended upon the subject, cylinder axis and whether or not higher-order aberrations were 432 
corrected. Mean limits were approximately 18% higher for the 0° (180°) axis than for 45° and 433 
135° axes, with larger effects for some subjects, particularly without correction of higher-434 
order aberrations. Across the group, higher-order aberrations had little influence on limits. 435 
Influences of blur criterion (just noticeable, just troublesome and just objectionable) and of 436 
letter size (0.1, 0.35 and 0.6 logMAR) were similar to those reported for defocus and 437 
astigmatism, previously3.  438 
     Mean cylinder blur limits with text (equivalent in angle to N10 point at 40 cm distance) 439 
for 6 subjects were approximately 30% greater than those for defocus when the blur limits 440 
were specified in diopters; this percentage was slightly smaller than for three letters for these 441 
subjects. Cylinder axis just failed to have a significant effect on blur limits. Blur limits for the 442 
text were intermediate between those of 0.35 logMAR and 0.6 logMAR letters, and closer to 443 
the former. 444 
     Extensive blur limit measurements for one subject with single letter targets did not show 445 
the expected interactions between target detail orientation and cylinder axis.  446 
 447 
Blur limits for cylinder 448 
 449 
     Mean blur limits for cylinder were approximately 50% greater than those for defocus (in 450 
diopters), with an indication in experiment 2 that this increase might be slightly smaller in the 451 
case of text.  452 
     On the basis of the size of geometric blur circles, it can be predicted that crossed-cylinder 453 
astigmatism and cylinder will have the same and 41% larger blur limits, respectively, than 454 
those for defocus (note that using wave aberration coefficients, rather than diopters, the 455 
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respective predictions are 29% smaller and the same). The previous study3 determined mean 456 
limits for crossed-cylinder astigmatism that were 10% smaller than for defocus, while this 457 
study determined mean limits for cylinder that were approximately 50% greater than for 458 
defocus. While both are close to the geometric predictions, it is interesting that the cylinder 459 
limits appear to be about 2/3s, rather than 40%, greater than crossed-cylinder astigmatism 460 
limits. 461 
     Comparisons can be made with studies investigating visual acuity. Remón et al.7 462 
investigated the influence of simple myopic astigmatism and myopic defocus on visual acuity 463 
in 4 subjects. When expressed as “blur strength” (see Introduction) they gave similar effects, 464 
which matches the geometric optics prediction. However, Sloan’s 8 analysis of two previous 465 
studies indicated a ratio of approximately 25% greater blur limits for astigmatism, rather less 466 
than our findings and the geometric optics prediction. Further, when investigating the 467 
deleterious effects of small amounts of positive defocus and positive cylinder on subjective 468 
preference and on some visual performance measures in 15 subjects, Miller et al.9found that 469 
defocus and cylinder had similar effects. 470 
 471 
Influence of axis on blur limits for cylinder 472 
 473 
     While there were considerable effects of axis for individuals, overall this was not strong, 474 
with the 0 (or 180) axis having about 20% greater limits than oblique axes. No significant 475 
effect of axis was found for text in experiment 2, but this is likely to be because of the limited 476 
number (6) of subjects. Atchison et al.2 argued that due to the closer horizontal than vertical 477 
spacing of letters in sentences, horizontal blur (cylinder axis 90) has a greater impact on text 478 
legibility than other orientations. The results support this for a comparison of 0 and 90 axes, 479 
but the results for 45 and 135 axes were similar to those for 90 axis. Miller et al.9 found 480 
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that 70% of 20 subjects were dissatisfied with +0.50 x 180 added to spectacle corrections, 481 
and this percentage increased to 95% with either +0.50D x 90 or +0.50D x 45. 482 
     In the Introduction, we gave the opinion that cylinder would have more pronounced 483 
directional effects than crossed-cylinder astigmatism. However, this does not appear to be the 484 
case with the 20% variation between orientations being smaller than the 30% variation found 485 
previously for crossed-cylinder astigmatism3. 486 
     There appears to have been little investigation of cylinder axis upon visual acuity in the 487 
literature. Although not supported by statistics, Remón et al.7 claimed that astigmatic axis did 488 
not have a significant effect on results, despite some of their presented results showing better 489 
visual acuity with axis 90° (positive axis 180° when given as a plano-cylinder) than for other 490 
axes.  491 
     It must be remembered that accommodation will influence blur limits as subjects can 492 
compensate for negative mean sphere and cylinder, as has been established for visual acuity 493 
eg7,10. It is possible that there could be some interaction with cylindrical axis. This issue was 494 
avoided in this study by using cycloplegia. However, the study results were affected by the 495 
initial judgement of focus (third paragraph under Procedures in the Method) which 496 
influenced relative positive and negative blur limits (see Figure 7a, where the in-focus 497 
position appears to have an offset of about 0.1 D in the positive direction). 498 
 499 
Pupil Size and Task 500 
 501 
     These experiments were done for a 5 mm pupil size. We have previously found that 502 
defocus blur limits decrease by 17% with increase in pupil size from 3mm to 6 mm.4 As the 503 
trends in blur limits in this study for cylinder were similar to those for defocus with respect to 504 
letter size and blur criterion, it is likely that the effect of pupil size would be similar for 505 
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cylinder as for defocus. The experiments were done for one type of task (letter quality) and it 506 
is possible that magnitude of blur limits and the influence of parameters such as blur criterion 507 
will be different for other tasks (eg viewing of natural scenes).  508 
 509 
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Figure Captions 513 
 514 
Figure 1. Retinal image of letter E of 20 arc min height 5 min for top left) in-focus, top right) 515 
0.25 D, 180 crossed-cylinder astigmatism (equivalent to +0.25 DS/-0.50 DC x 180), bottom 516 
left) +0.25 D cylinder x 180, and bottom right) +0.25 D cylinder x 45. Both cylinders, but not 517 
the crossed-cylinder astigmatism, show directional blurring effects has no directional effects. 518 
Pupil size 5 mm.  519 
 520 
Figure 2. Optical system.  521 
 522 
Figure 3. The combination of piston, oblique astigmatism, defocus, and astigmatism 523 
wavefront maps to produce cylinder -1.57 DC x 120 (5 mm pupil). Co-efficients for the 524 
wavefronts are marked.  525 
 526 
Figure 4. Generated defocus, required defocus, and difference for an experimental run in 527 
which cylinder x 45 was generated. The data points indicate just noticeable (closest to axis), 528 
just troublesome and just objectionable blur levels. Positive limits correspond to 529 
anticlockwise rotations of the knob in experiments. 530 
 531 
Figure 5. Mean defocus (solid symbols) and mean cylinder blur limits (open symbols) as a 532 
function of cylinder axis for the subject group (n = 10) in Experiment 1. Pupil size 5 mm. The 533 
left and right columns show results with and without higher-order aberrations, respectively. 534 
Limits are shown for noticeable blur (top row), troublesome blur (middle row), and 535 
objectionable blur (bottom row): in each case results are shown for letter sizes 0.1, 0.35 and 536 
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0.6 logMAR. Note that the vertical scales differ in the 3 rows. Error bars represent ±95% 537 
confidence limits. 538 
 539 
 540 
Figure 6. Mean defocus (solid symbols) and mean cylinder blur limits (open symbols) as a 541 
function of cylinder axis for the subject group looking at text (n = 6). Pupil size 5 mm. The 542 
left and right columns show results with and without higher-order aberration, respectively. 543 
Limits are shown for noticeable blur (circles), troublesome blur (triangles), and objectionable 544 
blur (squares). Error bars represent ±95% confidence limits. For clarity, data for different blur 545 
criteria are off-set slightly relative to each other and horizontal dotted lines are drawn through 546 
defocus symbols. The dotted lines are the subject mean results for three 0.35 logMAR 547 
Optotype letters; the lines for cylinder are averaged across all axes. 548 
 549 
Figure 7. Mean defocus (solid symbols) and mean cylinder blur limits (open symbols) as a 550 
function of cylinder axis for subject DAA with three letters (top row), letter D (second row), 551 
letter E (third row), and letter Z (last row). Pupil size 5 mm. The left and right columns show 552 
results with and without higher-order aberration, respectively. Limits are shown for 553 
troublesome blur only: in each case results are shown for letter sizes 0.1, 0.35 and 0.6 554 
logMAR. Blur is expressed in diopters. Error bars represent ±standard deviations. For clarity, 555 
data for different blur criteria are off-set slightly relative to each other. 556 
557 
25  
 
 558 
References  559 
1. Atchison DA, Charman WN, Woods RL. Subjective depth-of-focus of the eye. Optom 560 
Vis Sci 1997;74:511-20. 561 
2. Atchison DA, Fisher SW, Pedersen CA, Ridall G. Noticable, troublesome and 562 
objectionable limits of blur. Vision Res 2005;45:1967-74. 563 
3. Atchison DA, Guo H, Charman WN, Fisher SW. Blur limits for defocus, astigmatism, 564 
and trefoil. Vision Res 2009;49:2393-403. 565 
4. Atchison DA, Guo H, Fisher SW. Limits of spherical blur determined with an 566 
adaptive optics mirror. Ophthal Physiol Opt 2009;29:300-11. 567 
5. Raasch TW. Spherocylindrical refractive errors and visual acuity. Optom Vis Sci 568 
1995;72:272-5. 569 
6. International Standards Organisation. Ophthalmic optics and instruments - Reporting 570 
aberrations of the human eye ISO 24157: 2008. 2008. 571 
7. Remón L, Tornel X, Furlan WD. Visual acuity in simple myopic astigmatism: 572 
Influence of cylinder axis. Optom Vis Sci 2006;83:311-5. 573 
8. Sloan LL. Measurement of visual acuity. Arch Ophthalmol 1951;45:704-25. 574 
9. Miller AD, Kris MJ, Griffiths AC. Effects of small focal errors on vision. Optom Vis 575 
Sci 1997;74:521-6. 576 
10. Peters HB. The relationship between refractive error and vision and three age levels. 577 
Am J Optom Arch Am Acad Optom 1961;38:194-8. 578 
 579 
 580 
581 
26  
 
 582 
 583 
 584 
Figure 1. 585 
 586 
Figure 2.  587 
27  
 
 588 
 589 
 590 
Figure 3.  591 
B
lu
r l
im
it 
(D
)
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
generated defocus
required defocus
generated defocus - required defocus
 592 
Figure 4. 593 
 594 
 595 
28  
 
Just noticeable - HO
0 45 90 135 180
B
LU
R
 L
IM
IT
 (D
)
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
defocus 0.1
defocus 0.35
defocus 0.6
cylinder 0.1
cylinder 0.35
cylinder 0.6
Just troublesome - HO
0 45 90 135 180
B
LU
R
 L
IM
IT
 (D
)
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Just objectionable - HO
CYLINDER AXIS (degrees)
0 45 90 135 180
B
LU
R
 L
IM
IT
 (D
)
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 Just noticeable - no HO
0 45 90 135 180
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
defocus 0.1
defocus 0.35
defocus 0.6
cylinder 0.1
cylinder 0.35
cylinder 0.6
Just troublesome - no HO
0 45 90 135 180
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Just objectionable - no HO
CYLINDER AXIS (degrees)
0 45 90 135 180
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 596 
Figure 5.597 
29  
 
 598 
text HO
CYLINDER AXIS (degrees)
0 45 90 135 180
B
LU
R
 L
IM
IT
 (D
)
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
defocus noticeable
defocus troublesome
defocus objectionable
cylinder noticeable
cylinder troublesome
cylinder objectionable
 text no HO
CYLINDER AXIS (degrees)
0 45 90 135 180
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
defocus noticeable
defocus troublesome
defocus objectionable
cylinder noticeable
cylinder troublesome
cylinder objectionable
 599 
Figure 6. 600 
601 
30  
 
Just troublesome 
- with higher 
order aberrations
B
LU
R
 L
IM
IT
 (D
)
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
defocus 0.1
defocus 0.35
defocus 0.6
cylinder 0.1
cylinder 0.35
cylinder 0.6
DAA - 3 letters
Just troublesome 
- without higher 
order aberrations
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
defocus 0.1
defocus 0.35
defocus 0.6
cylinder 0.1
cylinder 0.35
cylinder 0.6
DAA - 3 letters
B
LU
R
 L
IM
IT
 (D
)
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
DAA - Letter D
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
DAA - Letter D
B
LU
R
 L
IM
IT
 (D
)
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
DAA - Letter E
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
DAA - Letter E
CYLINDER AXIS (degrees)
0 45 90 135 180
B
LU
R
 L
IM
IT
 (D
)
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
DAA - Letter Z
CYLINDER AXIS (degrees)
0 45 90 135 180
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
DAA - Letter Z
 602 
Figure 7.  603 
